Introduction
A knowledge of transcriptional and post-transcriptional control mechanisms is essential for the full understanding of cell growth, cellular responses to hormonal stimulation and cell transformation. Such control involves the activation of transcription of specific mRNAs, as well as the initiation of translation of specific proteins, some of which may have a very short lifespan, such as the nuclear regulatory proteins.
How proteins are directed to their final sites of location in membranes has been investigated in great detail but little is known about the targeting of the bulk of cellular proteins. Study of the compartmentalization of mRNAs between different populations of polysomes may provide one approach for elucidating the mechanisms governing sorting of cellular proteins and investigating how various stimuli influence the response of the cell in the translation of specific mKNA species.
Compartmentalization of polysomes into free polysomes and membranebound polysomes
It is well established that translation represents an important level of control [ 1 1. Regulation of translation is very complex, but, generally, it seems that it is the formation of initiation complexes which is regulated, and that mKNA species, in response to signals such as insulin, can move from a non-translatable state into polysomes or vice versa.
Two populations of polysomes have been isolated from a large number of cells: free polysomes, i.e. cytosolic polysomes, and membrane-bound polysomes, i.e. polysomes associated with the rough endoplasmic reticulum (KER). The ratio of free polysomes to membrane-bound polysomes is not constant in the eukaryotic cell, but varies with different physiological conditions, such as embryonic differentiation, hormone stimulation, the stage of cell cycle, as well as from cell type to cell type (for review, see [2] ). Free polysomes are located in the cytosol and are engaged in the synthesis of intracellular proteins such as ferritin and globin [3] [hl. Volume 19 rounding mitochondria may represent another subfraction of membrane-bound polysomes, since cytochrome P-450 was only synthesized on these polysomes after treatment of liver cells with an inducer of cytochrome P-450 [ 141.
Cytoskeletal-bound polysomes
In 1976 the first evidence appeared which suggested an association of polysomes with the cytoskeleton [ 15, 161. The cytoskeleton is currently recognized as consisting of at least three types of filaments (actin-containing microfilaments, microtubules and intermediate filaments) as well as their respective associated proteins. These associated proteins are mainly involved in cross-linking and regulation of polymerization, but it is probable that they also possess other functions.
During recent years a variety of observations have indicated an association of components of the protein synthesizing machinery with the cytoskeleton: initiation factors [ 17, 181, elongation factors [19] , synthetase complexes [20] and the cap structure at the 5'-end of the mRNA [21] . Cytoskeletal-bound polysomes have been isolated from the non-ionic-detergent-insoluble cell matrix either as the population of polysomes released by the combined use of an ionic and a non-ionic detergent such as deoxycholate (DOC) and Nonidet P-40 (NP-40) or as the population of polysomes released by the pre-incubation with a cytochalasin (for a review of these methods, see [22] ). A distinct subset of prevalent mRNAs in the cytoskeletal fraction has been found [23, 24] , which might suggest different subpopulations, whereas others [25] did not detect differences in mRNA species isolated from the different polysome populations. A major problem in the analysis of polysome compartmentalization has been the lack of a method for the isolation of cytoskeletal-bound polysomes as a separate polysome fraction and, in most cases, the lack of characterization of the various fractions obtained. As recently reviewed [22] , there is now considerable evidence for a proportion of polysomes being associated with the cytoskeleton. Some evidence suggests that 'active' free polysomes do not exist [26] and that all polysomes are attached to the cytoskeleton or the RER. However, other groups have isolated a population of cytosolic polysomes which they suggest may be loosely associated with the cytoskeleton.
Both the integrity of the cytoskeleton and the release of polysomes are affected by salt concentration during extraction of cells with non-ionic detergent [ 15, 24, 27] . Polysome release was increased at 130 mM-KCl compared with 25 mM-KCI. This occurred with a concomitant increase in release of actin suggesting that 130 mM salt treatment causes release and/or depolymerization of actin microfilaments and a simultaneous extraction of cytoskeletal-bound polysomes [ 271.
T o investigate at which concentration of salt the bulk of actin was extracted, after NP-40 treatment, the pellet containing the non-ionicdetergent-insoluble cell matrix, was treated with increasing concentrations of KCI in successive steps of 20 mM within the range 30-270 mM. After treatment with 110 mM-KCl no further actin was released as estimated by SDSIPAGE and by enzyme-linked immunoassay (results not shown). This is in accordance with Lenk et al. [15] who found that salt concentrations higher than 100 mM caused loss of the integrity of the cytoskeleton.
Based on these observations, a sequential detergentlsalt extraction was developed for the isolation of free, cytoskeletal-bound and membranebound polysomes using Krebs I1 ascites and 3T3 cells [28] . Free polysomes were released using a 25 mM-KCI buffer containing 1% (v/v) of the nonionic detergent NP-40. The cytoskeletal-bound polysomes were released by increasing the salt concentration to 130 mM-KCl, and, finally, the membrane-bound polysomes were released by a combination of 0.5% (v/v) of non-ionic detergent and 0.5% (w/v) of ionic detergent in 130 mM-KCI buffer [28] . The three different polysome populations have recently also been isolated from MPC-11 cells [29] .
The evidence for the identification of three distinct polysome populations is only briefly summarized here (for details, see [22] ). The fractions differ in protein content as shown by SDS/PAGE (see Fig. 1 ). The 130 mM-KCI extract (cytoskeletal fraction) contains a large amount of a 35 kDa protein which was evidently enriched in this fraction. It is tempting to suggest that this protein may be a structural component. In addition to this protein, other differences were also observed in protein bands in the three fractions. The difference in protein content adds further evidence to earlier published characteristic features of the individual fractions [28] . There is an enrichment of tubulin in the NP-40 extract (as expected because of the disintegration of microtubules in the cold); an enrichment of actin and cytokeratin 19 in the 130 mM-KCl extract and an enrichment of vimentin in the double-detergent extract [28] . The actin content in the cytoskeletal fraction was stabilized by the addition of phalloidin and greatly diminished by prein- 
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Hy the use of Northern hybridization techniques, c-myc and P2-microglobulin mRNAs were found to be enriched in polysomes isolated from the cytoskeletal-bound and membrane-bound polysome fractions, respectively, while actin mRNA was present in both free polysomes and cytoskeletalbound polysomes, but only to a minor extent in membrane-bound polysomes (Fig. 2 ). This confirms results recently obtained with 3T3 fibroblasts [ 331. These observations clearly demonstrate that the newly described sequential detergentlsalt technique [28] enables one to separate cytoskeletalbound from membrane-bound polysomes.
Why actin mRNA is found in both free and cytoskeletal-bound polysomes is at present unclear, but several possible explanations can be suggested. First, the actin mRNA recovered in free polysomes may be due to a partial breakdown of the cytoskeleton occurring during early stages of the isolation procedure, thus releasing a portion of cytoskeletal-bound polysomes to the free polysome fraction. Secondly, different isoforms of actin may be synthesized in the two fractions. Since the c-mylactin mRNA ratio in the fractions containing the free polysomes and the cytoskeletal-bound polysomes is quite different (Fig. 2 and [33] ), a mere contamination of free polysomes with cytoskeletal-bound polysomes would seem unlikely. The possibility cannot be ruled out, however, that Volume 19 free polysomes represent a loosely bound cytoskeletal-associated fraction. Interestingly, there is a relative enrichment of p-actin mRNA on cytoskeletal-bound polysomes compared with free polysomes in Krebs I1 ascites cells, whereas 3T3 cells contain a relative enrichment of this mRNA on free polysomes [33] . It is possible that this difference is related to the varying forms of organization of microfilaments in the two cell lines.
Conclusions
There is now a wealth of evidence demonstrating the existence of cytoskeletal-bound polysomes. Much work remains, however, before the actual details of the form of interaction between this class of polysomes and the cytoskeleton can be firmly understood, Although the microfilament system is without doubt implicated, whether or not polysomes are also associated with other components of the cytoskeleton is not yet known. Further work should be directed at gaining a better knowledge of the types of proteins being synthesized on cytoskeletal-bound polysomes and elucidating to what extent this class of polysomes is engaged in the control of cellular protein synthesis.
